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INTRODUCTION

A fascinating aspect of plant biology is that a small cell group
is the origin of shoot systems as varied as redwood trees or
Arabidopsis. The first recognition that shoot systems originate
from small groups of celis was by Kaspar Wolff in 1759 (cited
in Cutter, 1965). These small groups of cells are known as shoot
apical meristems. Because the shoot apical meristem is the
origin of the shoot, it can be described to “make” the shoot.
The apical meristem “makes” the shoot through four functions:
initiating new organs, initiating new tissues, communicating
signals to the rest of the plant, and maintaining itself as a for-
mative region. How these functions are integrated within the
apical meristem to produce the shoot has been the question
of many studies and provides continual intrigue.

Many recent studies have focused on processes in floral
meristems (e.g., Coen and Meyerowitz, 1991). Yet, before the
floral (and inflorescence) meristem forms, the vegetative api-
cal meristem is the shoot’s source of cells. This earlier state
of the apical meristem describes a set of tissues and organs
with distinct characteristics. Furthermore, processes in vegeta-
tive meristems may influence processes in later types of
meristems. This review will discuss the remarkable properties
of shoot apical meristems, with a specific focus on vegetative
apical meristems. The discussion has three goals: to clarify
terminology, to review molecular and genetic data, and to sug-
gest areas where studies may further our understanding of
how the meristem makes the plant.

BACKGROUND AND TERMINOLOGY

Terms and Their Usages

Apical meristems have been the focus of many studies in plant
development. These studies often described diverse plant spe-
cies with apparently distinct types of shoot apical meristems.
Because the apical meristems were (and are) often seen as
diverse, a wide variety of terms have come to be associated
with them. For example, the terms shoot apex, shoot apical
 meristem, and promeristem are used at times synonymously
and at times distinctly by different authors. As molecular and
genetic approaches are applied to studies of apical meristems,

common definitions of terms will enhance our progress. In fact,
molecular and genetic studies on apical meristems may even
lead us to appreciate that, despite differences in the details,
the organization and functioning of all shoot apical meristems
are essentially alike (Wardlaw, 1957).

The overall similarity in the organization of shoot apices al-
lows terms such as shoot apical meristem and shoot apex to
be defined in a simple, functionally significant manner. The
shoot apical meristem is the distal-most portion of the shoot
and comprises two groups of cells: the initial or source cells
and the cells that are the progenitors for tissues and lateral
organs (Wardlaw, 1957; Cutter, 1965). By contrast, the shoot
apex comprises several cell and tissue types: the apical
meristem itself, a region just proximal to the meristem where
lateral organ primordia are formed, a subapical region where
the shoot widens and primordia enlarge, and the region of
maturation, where differentiation becomes apparent (Wardlaw,
1957; Cutter, 1965). With these definitions, reference to the
shoot apex is restricted to a small portion of the shoot, typi-
cally including only three to six leaf primordia. The shoot tip
can then be defined as that portion of the shoot comprising
all tissues and organs distal to the still-differentiating leaves.
The number of leaves in a shoot tip would vary depending on
the rate of differentiation. The above definitions are based on
decades of studies and are used widely today (Steeves and
Sussex, 1989).

Two examples will illustrate how careful attention to the differ-
ence between the apical meristem and the shoot apex has
enhanced or could enhance our understanding of the com-
plex processes occurring in meristems. First, transcripts of
genes such as proliferating cell nuclear antigen (PCNA) have
been localized to the apical meristem and young leaf primor-
dia (Kosugi et al., 1991). Recent studies have shown that PCNA
plays a role in a DNA excision repair process (Shivji et al., 1992).
Because the apical meristem is the source of cells for the shoot,
DNA repair processes might be limited to the apical meristem.
However, the PCNA localization in both the apical meristem
and developing leaf primordia suggests that DNA repair ac-
tivity is apparently not limited to the apical meristem. By
contrast, some studies leave gaps or misconceptions because
they do not distinguish between the shoot apical meristem and
the shoot apex. For example, a developmental analysis of the
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expression of elongation factor 1o was done using a pro-
moter-GUS fusion (Ursin et al., 1991). GUS expression was
reported in the apical meristem and the apical dome. How-
ever, the published figures (Figures 4A and 4B of Ursin et al.,
1991) show GUS expression in regions of the shoot apex and
vascular tissue at the side of the apical meristem but not in
the apical meristem itself. Excluding an artifact, the results
are open to various interpretations. For example, it is possible
that elongation factor 1a is not transcribed in the apical
meristem, suggesting that translation is not prominent in
meristems. However, translation is a process found in all ac-
tive cells. Another possible interpretation of the data is that
the elongation factor gene could be among those repressed
in the meristem (see below).

Attention to terms is particularly important in the growing
body of molecular studies that describe genes expressed in
shoot apices. For example, barley shoot tip cDNA clones with
- homologies to histone and ribosomal protein genes were de-
scribed as meristem specific (Kohler et al., 1992). Numerous
studies have shown that histones play a role in chromatin struc-
ture and, hence, development. With this in mind, it is possible
that meristem-specific histones are important for functions of
the apical meristem. However, because histone and ribosomal
protein genes are usually highly expressed in all dividing
tissues and because expression of individual gene family mem-
bers was not defined in this study, descriptions of these genes
as “meristem specific” is not substantiated. Precise statements
about the specificity of molecular probes will be important for
understanding the complex processes and regulation thought
to be present in the shoot apical meristem.

Common usage of terms is as important as careful atten-
tion to differences among terms, and it will improve our
understanding of development. In many such studies, the
authors have used their terms carefully and have been con-
sistent within their own work. However, discrepancies arise
when various authors use different definitions for the same
terms. For example, Kelly et al. (1990) used “shoot apex” as
defined here (i.e., consisting of the apical meristem, young leaf
primordia, etc.), whereas both Fahn (1982) and Sattler (1988)
used “shoot apex” to describe what is defined here and by
Cutter (1965) as the shoot apical meristem. Although such vari-
able usage was common in the past, molecular and genetic
studies provide an opportunity (and requirement) for uniform
usage of the terms such as shoot apical meristem and shoot
apex.

Shoot Apical Meristems in Vivo

One reason for the difficulty in distinguishing the shoot apex
from the apical meristem is that the shoot apical meristem is
surrounded by more mature tissues. Figure 1 shows the dis-
section of a Brassica shoot necessary to reveal the apical
meristem. Figure 1B shows the plant following the removal of
all fully expanded leaves. This illustrates the shoot tip as de-
scribed above. Each subsequent figure shows the removal of

two more leaves until the shoot apex is revealed in Figure 1E.
After all the mature and maturing leaves are removed, the shoot
apical meristem is finally revealed as a small group of cells
located between the youngest leaf primordia (Figure 1G). In
Brassica, in addition to being surrounded by the developing
leaves and leaf primordia, the apical meristem is also in prox-
imity to differentiating cortical and pith tissues. The large size
difference of shoot tip and shoot apex relative to the apical
meristem implies that studies analyzing potential regulatory
molecules in the shoot tip or shoot apex will reflect regulation
in developing leaves and stems rather than the apical meristem.

Diagrammatic View of Shoot Apical Meristems

Figure 2A shows a diagram of a shoot apical meristem and
shoot apex as defined by Cutter (1965) and Wardlaw (1957).
The shoot apical meristem is typically a small (approximately
100 um in diameter), dome-shaped group of 800 to 1200 cells.
Both the size and shape of shoot apical meristems vary tremen-
dously at different points in development and among various
species. For example, whereas the apical meristem in tobacco
is about 100 pm in diameter (Poethig and Sussex, 1985), the
young apical meristem in Arabidopsis is about 35 x 55 um
and contains approximately 50 to 70 cells (Medford et al., 1992).
Beyond the small dome, all other tissues and organs at the
distal end of a shoot constitute the shoot apex (Figure 2A, stip-
pled areas).

Figure 2B diagrams the regions and functions that numer-
ous studies have defined within the apical meristem. Two
different concepts have been used to define regions of the ap-
ical meristem, both originating with the histogen theory of
Hanstein (1868). One concept is that of layers. This idea arises
from the fact that chimeric shoots can be constructed that have
genetically different components in separate cell layers in the
apical meristem (Satina et al., 1940). The contribution of each
cell layer to mature parts of the shoot can then be determined
by examining the chimeric identity of the tissues and organs.
Because three distinct layers in most angiosperms could ac-
count for all cells in the mature shoot, the apical meristem was
defined as having three cell fayers (L1, L2, and L3) (Satina et
al., 1940). The L1 is the outermost layer, and cell divisions in
this layer are restricted to the anticlinal plane (perpendicular
to the surface; see Figure 2B). The L1 forms the epidermis
in differentiated parts of the shoot. Cells in the second layer,
or L2, divide predominantly in the anticlinal plane but also di-
vide in the periclinal plane (parallel to the surface) when organs
are forming. Cells in the third layer from the surface, the L3,
divide in both anticlinal and periclinal planes and provide cells
for the interior portion of organs and stems. The concept that
the apical meristem has a depth of three cell layers has been
important for understanding shoot development. As studies
of apical meristems accumulate, it may be of interest to reex-
amine those cases such as Pelargonium zonale (geranium),
where cells in chimeric shoots behave differently from those
in nonchimeric shoots (Thielke, 1948; Clowes, 1961).
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Figure 1. Dissection of Brassica oleracea to Reveal the Vegetative Shoot Apical Meristem.

(A) Intact plant.

(B) Removal of all mature leaves to reveal the shoot tip. For orientation purposes, the same leaf is indicated by an arrow in (A) and (B).
(C) to (G) Subsequent removal of two leaves. The shoot apex can be seen in (E) and the shoot apical meristem in (G). AM, apical meristem;
p, primordium. Bar = 100 pm.
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Figure 2. Diagram of the Shoot Apical Meristem.

(A) Comparison of the shoot apex and the shoot apical meristem. The
entire figure represents the shoot apex, whereas the shoot apical
meristem is represented by the dome-shaped, shaded area.

(B) Zones and layers within the shoot apical meristem. The central
zone (C2Z) is a small, oval-shaped, distally located group of cells that
serves as the source of cells for other parts of the meristem. The pe-
ripheral zone (P2) is located to the side and beneath the central zone.
Organinitiation takes place in the peripheral zone. The rib zone forms
the boundary between the meristem and the rest of the plant and is
the source of the interior tissues of the stem. The zones are drawn
with-distinct lines, but in vivo the zonal boundaries are less distinct.
L1, L2, and L3 correspond to the genetically defined three cell layers
from the exterior of the meristem to the interior, respectively.

A second idea used to define regions of the shoot apical
meristem is that of zones. Evidence for meristem zones has
been suggested in numerous studies examining cytological
features and cell division patterns (Esau, 1977; Steeves and
Sussex, 1989; Lyndon, 1990). Zonation patterns are remark-
ably uniform among angiosperm apical meristems (Wardlaw,
1957) but are apparent only when the meristem is active
(Clowes, 1961). Figure 2B shows a diagram of the three
meristem zones: the central zone, the peripheral zone, and
the rib zone. The central zone, which is a group of cells

located at the distal end of the apical meristem, includes cells
from all three layers. Cells in the central zone divide less fre-
quently and have more prominent nuclei than cells at the sides
or peripheral zone (Rembur and Nougarede, 1977; Nougarede
and Rembur, 1978; Steeves and Sussex, 1989; Lyndon, 1990).
In addition, central zone cells are thought to function as stem
cells, but, uniike mammalian stem cells, these cells are not
permanent (Ruth et al., 1985). In spite of their impermanent
nature, central zone cells act as initials (or source cells) for
other regions of the apical meristem and hence the shoot.

Peripheral zone cells arise from cells of the central zone.
The peripheral zone extends around the meristem in a dough-
nut or inner-tube shape (Buvat, 1952). The peripheral zone's
main function is the formation of lateral organs (mainly leaf
primordia) that are positioned at mathematically precise points.
Active regions of the peripheral zone (i.e., in relation to the
pattern of leaf initiation) are thought to oscillate about the central
zone in both the radial and vertical dimensions (Catesson,
1953).

At the base of the shoot apical meristem, and serving as
a transition zone between the apical meristem and shoot, is
another set of cells, known as the rib meristem or rib zone (Fig-
ure 2B). Cells in this region form a border between the meristem
and fully differentiated cells. Because of this, the rib zone is
sometimes considered to be distinct from the apical meristem.
It is included in the discussion here for clarity. Cells in the rib
zone are arranged in longitudinal files and contribute to tis-
sues in the central portion of the stem. Like the cells of the
peripheral zone, cells in the rib zone are thought to be derived
from impermanent initials in the central zone. The rib zone
has two possible functions. First, it forms the cells for the cen-
ter of the stem, and, second, it may act as an organizing center
for the shoot (Sachs, 1991). The second function requires that
signals entering or leaving the meristem be transmitted through
plasmodesmata or by apoplastic means because thereare no
vascular connections between the meristem and the rest of
the plant (Sachs, 1991).

How do the two concepts of meristem organization—layers
and zonation—relate to each other? As shown in Figure 2B,
various zones contain cells from all three cell layers. However,
although the evidence from chimeras suggests that the api-

_cal meristem in most angiosperms is three cell layers deep,

data from zonal and microsurgery studies (see below) sug-
gest that the apical meristem can be functionally defined to
a greater depth. The ideas can be reconciled if programming
of the immediate derivatives of meristem initials is a progres-
sive process. Specifically, the epigenesis hypothesis of Sachs
(1991) could also be applied to apical meristems. According
to the hypothesis, programming cell fate is a slow process re-
quiring continuous exposure to a determining substance. If
cells in the apical meristem are programmed in a similar man-
ner, then it would be possible to define the meristem as three
celi layers even though molecular and cytological localization
indicate a greater depth because of the slow progressive na-
ture of programming.



EXPERIMENTAL STUDIES WITH MICROSURGERY

Even from the lucid descriptive studies, the shoot apical
meristem and shoot apex can be seen as distinctive parts of
the shoot. The importance of this distinction can be seen in
functional analysis. How can the functions of apical meristems
be studied? One way is to perturb the system with small sur-
gical cuts and observe the results. These experiments suggest
important concepts from which testing with molecular and
genetic approaches can begin.

The experimental studies offer three hypotheses for test-
ing: that the apical meristem is a self-regulating unit, that the
apical meristem plays some role in specifying determinate
growth, and that the apical meristem influences the positions
where organs are formed. Two types of experimental evidence
support the idea that, although specific zones and cell layers
can be defined within the meristem, the shoot apical meristem
operates as if it is a unit in itself. The first type of evidence
comes from experiments in which the apical meristem is sur-
gically isolated from the rest of the plant and placed in culture.
When the meristem is cultured, it continues to function (i.e.,
to initiate organs and tissues) independent of any outside
signals (reviewed in Steeves and Sussex, 1989). The only re-
quirements for the culture medium besides basal salts are
inositol and IAA (Smith and Murashige, 1970).

The second type of evidence for the concept of a self-
regulating meristem comes from experiments surgically split-
ting the apical meristem. If the meristem is cut into a small
piece, it will first reform the entire apical dome prior to assum-
ing any type of function (Lopriore, 1895; Pilkington, 1929; Snow
and Snow, 1951; Sussex, 1952). This is true even when the
piece of the apical meristem is as small as 1/20th of the origi-
nal meristem (Sussex, 1952). The above experiments point to
the exceptional properties of shoot apical meristems. Organs
are initiated from the meristem’s peripheral zone, and tissues
from the meristem’s base. Yet, these functions will not occur
unless the entire meristem is intact. How do cells in spatially
separate regions like the peripheral zone “know” that the
meristem is or is not intact? There must'be some type of con-
stant communication signal within the shoot apical meristem.
It would be interesting to see whether this putative signal is
altered as tissues and organs are formed.

A second concept from surgical experiments is that the api-
cal meristem determines which cells adopt a determinative
growth pattern. If the apical meristem and newly initiated leaf
primordia in ferns are surgically separated from one another,
the primordia (with a normally determinate growth pattern) al-
ter their development and form another shoot apical meristem
(with an indeterminate growth pattern) (Wardlaw, 1950). The
same switch from determinate to indeterminate growth cannot
be reproduced in angiosperms. However, when the develop-
ing leaf primordia of angiosperms are separated from the apical
meristem, the primordia develop without a dorsiventral symmetry
(Sussex, 1951). Hence, the differences between angiosperms
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and ferns need not reflect distinct developmental strategies
but could be a matter of timing. Specifically, angiosperm
primordia cells could become determined faster (although not
to the point of becoming a dorsiventral organ) than cells in
fern primordia.

The third concept that arose from surgical experiments is
that the meristem has some effect on organ positioning. Or-
gans initiated from the vegetative meristem are positioned in
the shoot apex with remarkable precision. The precision is such
that spirals of contact points between leaves can be described
by a mathematical equation, the Fibonacci series (each term
in the series is the sum of two preceding terms, eg., 1, 1, 2,
3, 5, 8). How molecular and genetic information in the apical
meristem determines such a precise placement of lateral or-
gans is not known.

Several studies addressed the positioning concept with sur-
gical experiments. The first experiments involved cutting the
shoot apex of an angiosperm, Lupinus, to isolate the apical
meristem from leaf primordia at various stages of development
(Snow and Snow, 1931, 1933). These workers suggested that
the positions at which leaves arise are determined by spatial
constraints in the shoot apex such that new primordia are
formed where there is the first free space or minimum area
between pre-existing leaf primordia. To explain the absence
of primordia formation in this region, this area does not include
the distal-most portion of the apical meristem. The second type
of experiment, from Wardlaw (1949), suggested that the posi-
tioning of leaf primordia was not due to physical constraints.
Wardlaw performed surgical experiments similar to those of
Snow and Snow but used a plant (Dryopteris, a fern) in which
the large size of the apical meristem prevents physical con-
tact between leaf primordia. The data Wardlaw obtained were
similar to that of Snow and Snow. However, because spatial
constraints could not be operating in this system, Wardlaw sug-
gested that an inhibitory substance that prevents the outgrowth
of primordia originates from both newly formed leaf primordia
and the apical meristem.

The idea of inhibitory substances was not unique to Wardlaw
but originated with Schoute (1913) and was strongly supported
by Richards (1948). Given that Catesson’s analysis (above) in-
dicates that the active division zones oscillate in both a vertical
and radial dimension, a model predicting an inhibitor or
morphogenetic gradient should also take into account the three-
dimensional aspects of the meristem and developing primor-
dia. Hence, a simple model in which deveioping leaf primordia
emerge at positions where an inhibitor is at the lowest point
seems unlikely to be the entire explanation for a three-dimen-
sional shoot apical meristem (Figure 1B). This model could
be correct if there is either a polarity to the inhibitory substance
or an additional component, however. For example, the inhibi-
tory substance could be produced by the apical meristem and
developing primordia and be transported only basipetally. This
would allow incipient primordia to develop in regions of the
apical dome above the older primordia. A second possibility
is that a change in some other component (e.g., a receptor)
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in addition to an inhibitor is involved. This idea is implied in
Schoute's field concept, where positioning involves the for-
mation of a growth center around which primordia develop
(Schoute, 1913; Wardlaw, 1965).

A third theory on positioning suggests that the orientation
of cellulose microfibrils in cells (Green, 1985) is an important
determining factor. This idea does not involve results from
microsurgical experiments and will not be discussed here. Sev-
eral excellent reviews discuss this idea in depth (Green, 1985,
1986).

Although experiments in which the apical meristem is cut
provide numerous concepts about how the meristem functions,
such experiments have caveats because the perturbation
produces a wound, adding an unknown factor to all of the ex-
perimental results. This may be an especially significant
problem given the suggestion that jasmonic acid, a molecule
important for transduction of wound signals, has morphologi-
cal effects on the apical meristem (Ravnikar and Gogala, 1990).
However, the surgical experiments do provide a starting frame-
work. Moreover, they collectively suggest that at least two of
the four functions of apical meristems, initiation of organs and
maintenance as a formative region, involve a complex series
of intercellular communications within the shoot apex and per-
haps within the meristem itself. The challenge ahead is to use
the power of genetics and molecular biology to verify and/or
modify these decades-old concepts about apical meristems.

GENE EXPRESSION IN APICAL MERISTEMS AND
SHOOT APICES

Some studies have begun to ask about the nature of the mol-
ecules that allow meristems to have such a central role in
development. Various approaches have been used in attempts
to isolate meristem-specific genes. These approaches include
using homology to known probes from mammalian systems,
to differential hybridization of cDNA clones, to the use of plants
with apical meristem ampilification such as cauliftower (Kosugi
et al., 1991; Medford et al., 1991a; Pri-Hadash et al., 1992;
Shahar et al., 1992). Table 1 presents a summary of genes
expressed in shoot apices and apical meristems. To facilitate
comparison, the terminology has been standardized to that
defined here. For clarity, the shoot apical meristem and shoot
apex are listed separately even though there is some degree
of redundancy (see above). In many cases, the expression was
examined only with RNA gel blots, and the pattern was de-
scribed as in the shoot apex, meaning that it is not known
whether these genes are expressed in the shoot apical
meristem. By and large, most of these genes are expressed
in the apical meristem as well as the shoot apex. Many of these
genes are typical for regions of active celi division and me-
tabolism (e.g., histones, ribosomal proteins, and dUTPase
[Koning et al., 1991; Medford et al., 1991a; Pri-Hadash et al.,
1992]) and do not reveal many ideas about how meristems func-
tion. However, the studies on gene expression do support the

idea that the meristem contains distinct zones. Specifically,
several genes (histones H3 and H2B and cruciferin [in late em-
bryogenesis]) are expressed in a region defined from
cytological studies as the peripheral zone (Fernandez et al.,
1991; Medford et al., 1991a; Kohler et al., 1992).

The designation of certain genes brings confusion as to their
expression patterns. For example, a gene isolated from shoot
apices was designated as “meristem specific’ (histone; Table
1). This designation does not distinguish whether these genes
are specific for the shoot apical meristem or whether they are
expressed in all dividing cells. Plant biologists frequently re-
fer to regions with active cell division as “meristems.” For
example, regions of active cell division in stems are often called
the ground meristem (Esau, 1977), and such regions in leaves
are known as the basal meristem plate (Pyke et al., 1991).
Undoubtedly, many of the genes expressed in general
meristematic regions will also be found in apical meristems.
However, because apical meristems have unigue functions,
genes that are specific for apical meristems may also exist.
Furthermore, there must also be genetic differences and, per-
haps, distinct genes expressed in shoot and root apical
meristems because mutants of rice (Nagato et al., 1989), corn
(Clark and Sheridan, 1991), and Arabidopsis (Mayer et al., 1991;
Medford et al., 1992) disrupt the shoot meristem without per-
turbing the root meristem.

These predicted differences in meristem gene expression
will resultin distinct and overlapping patterns. Figure 3 shows
a diagram of how meristematic gene expression can be de-
scribed, assuming that there are not only distinct genes
expressed in the shoot and root apical meristem, but that there
are genes specific for each type of apical meristem. Meri-
stematic genes are those expressed in areas of active cell
division and the cambium (i.e., meristemtic cells in vascular
tissues), as well as in shoot and root apical meristems.
Meristematic genes would not be unique to apical meristems
but would be common to all areas where there is active cell
division and/or metabolism. Examples of meristematic genes
are histone genes or genes involved in nucleic acid biosyn-
thesis, which are needed in any dividing cell. Shoot and root
apical meristems should also have unique types of gene ex-
pression (see above). However, no gene specific for shoot or
root apical meristems, or simply apical meristems, has been
reported to date. In the shoot meristem, several cytologically
distinct types of apical meristems can be described: vegeta-
tive meristems, inflorescence meristems, and floral meristems.
The cytological distinctions will presumably be reflected in both
distinct and common patterns of apical meristem gene expres-
sion. Hence, Figure 3 divides gene expression for shoot apical
meristems into three overlapping categories.

Although the identification of genes expressed in apical
meristems has so far revealed only limited information, the ex-
clusion of expression of certain genes suggests an interesting
hypothesis as to how the apical meristem functions. In a
detailed study of Brassica embryogenesis, Fernandez et al.
(1991) found that napin mRNAs were excluded from the apical
meristem throughout embryogenesis. Cruciferin mRNAs were
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Table 1. Genes Expressed in the Vegetative Shoot Apex and Apical Meristem

Gene or Gene Product

Reference

Polyphenol oxidase

Cyclophilin
Lectin-like

Nuclear protein

meri-5*

Histones (H2A, H2B, H3, H4)

PCNA

Group | cDNAs*

dUTPase
Elongation factor 1a

Elongation factor elF-4A
EP2 (lipid transfer protein)

A3

c3
cdc2 (p34)
PAL promoter

FBPase promoter

Expression

In Situ/GUS Gel Blots

Protoderm (L1) and low level Throughout the plant, high in
throughout apical meristems and flowers

ND Shoot apex and all tissues

All parts of the shoot apex
except the apical meristem

Apical meristem and rapidly
proliferating carrot cultured
cells

Apical meristem, cell points
beneath branches, floral
vasculature

Peripheral zones of apical
meristem (H2A in specific
cells of apical meristem)

Apical meristems, immature
leaves, vascular tissues

Apical meristem peripheral
zone, procambium in leaf
vascular®

Apical meristem

Vascular tissue in young leaves
and regions beneath the
apical meristem

ND

Protoderm in embryos, in
seedling localization in the
subepidermal layers of the
apical meristem’s peripheral
zone, around the surface of
young floral organs

ND

ND

ND

Shoot apex, root apex,
prexylem elements

Shoot and root apex

Shoot apex and young organs

Shoot apex

Apical meristem, some clones
in other tissues

Actively dividing tissues
throughout plant

ND

Apical meristem, shoot apex,
not in mature leaves

Expanding leaves

Shoot apex
Shoot apex

Shoot apex (vegetative,
transition and floral), petals,
stamens, pistils

Shoot apex, shoot tips, pods

Shoot tip

ND

ND

Shahar et al. (1992)

Gasser et al. (1990)
Dobres and Thompson (1989)

Smith et al. (1988)

Medford et al. (1991a)

Koning et al. (1991); Medford
et al. (1991a); Kohler et al.
(1992)

Kosugi et al. (1991)

Melzer et al. (1990)

Pri-Hadash et al. (1992)
Ursin et al. (1991)

Owttrim et al. (1991)
Sterk et al. (1991)

Kelly et al. (1990)

Williams et al. (1990)
Colasanti et al. (1991)
Liang et al. (1989)

Lloyd et al. (1991)

Expression patierns have been described using the definitions of shoot apical meristem and shoot apex in the text. Expression patterns were
examined with in situ hybridization of RNA or protein probes or by localization of GUS activity. Tissue specificity was examined on RNA or
protein gel blots. Asterisks indicate that multiple cDNAs have been described, and in these cases the localization is described for the key gene

in the cited reference. ND, not determined.

excluded from the apical meristem until late embryogenesis,
at which time théy accumulated in the peripheral zone but not
the central zone. Similarly, Maiti et al. (1991) found that a lectin-
like gene was expressed in all parts of the pea shoot apex ex-
cept for the apical meristem. These studies support the idea
that the apical meristem is functionally distinct from develop-
ing leaf primordia and other tissues in the shoot apex and
further support the idea that the apical meristem is a unit in
itself. Moreover, they further indicate that the expression of
certain genes is repressed (or these genes are never activated)

in the apical meristem. It will be interesting to see whether
repression of gene expression is a general mechanism used
by the apical meristem.

A surprising result using expression of Rhizobium genes in
transgenic plants may give some insight into how meristems
function. The Rhizobium nodAB genes are more commonly
referenced in discussions of roots and root nodules. These
two genes are required for the production of a small, heat-
stable, partially hydrophobic factor that stimulates mitosis in
cultured plant cells (Schmidt et al., 1988). This factor may be
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Figure 3. Diagram of Meristem Gene Expression.

Genes expressed in actively growing regions are represented in the
meristematic category. A number of meristematic genes would be ex-
pressed in apical meristems (both shoot and root). In addition, the apical
meristems (and perhaps lateral meristems) would differentially express
aseries of unique genes. Because cytological distinctions can be found
among vegetative, inflorescence, and floral apical meristems, these
meristems should have gene products that are distinct from one an-
other. Although gene expression in the apical meristems is diagrammed
separately for shoots and roots, some genes may be expressed in both
types of apical meristems.

a precursor of the acetylated glucosamine produced by the
nodABCJ genes (Lerouge et al., 1990), which determines host
specificity. When nodAB genes were placed under the con-
trol of a dual promoter (1, 2' TR promoter) and transferred to
tobacco plants, the resulting transgenic plants had bilobed or
bifurcated leaves (Schmidt et al., 1991). Similar bilobed leaves
reported in experimental and genetic studies correlated the
result with the formation of leaf primordia containing an ab-
normally iarge number of cells. For example, when an incipient
leaf primordium is surgically cut so as to include too many cells,
bilobed leaves result (Sussex, 1964). Furthermore, the Ara-
bidopsis Forever young (Fey) mutant results in the sequestering
of an abnormally large number of cells into developing primor-
dia, as well as in the production of bilobed leaves (Medford
et al., 1991b, 1992). Assuming that the bilobed leaves in the
transgenic tobacco plants originated from altered apical
meristem signals, the results may tell us about processes in
normal apical meristems. For example, could normal leaf
primordia formation use a factor similar to that produced by
the nodAB genes (i.e., mitosis stimulating, hydrophobic, heat
stable)?

GENETIC ANALYSIS OF MERISTEM DEVELOPMENT

Genetic approaches have begun to answer questions about
how the apical meristem forms the plant. Various mutants

provide tools to address the complexities of apical meristems.
For example, lateral organs initiated from vegetative meristems
are typically formed as a unit (called a phytomer) that consists
of a lateral organ (leaf), a node, the axillary meristem, and an
internode. By contrast, the floral meristem simply initiates com-
pressed nodes and a lateral organ (e.g., sepal or petal). A
tomato mutant, Sidebranchless, reportedly initiates units from
the vegetative apical meristem without evidence of axillary
meristems (Clements and Guard, 1958). If so, then the forma-
tion of complete phytomers from the vegetative meristem may
depend on a simple genetic signal.

The mutants in corn, rice, and Arabidopsis, among others,
provide tools to examine the various ideas on apical meristem
functions (Nagato et al., 1989; Clark and Sheridan, 1991;
Medford et al., 1992). The corn mutants represent one of the
most extensive collections of vegetative meristem mutants to
date (Clark and Sheridan, 1991). Analysis of these mutants
will be extremely valuable, although it will be challenging
because the corn apical meristem is active during embryo-
genesis. Hence, these studies will be complicated by the fact
that the analysis done with material from corn kernels will have
potential maternal effects.

Related to the shoot meristem mutants is an impressive col-
lection of Arabidopsis mutants affecting body organization
(Mayer et al., 1991). To date, none of the mutants is attributed
to a lesion in the vegetative shoot apical meristem, although
it seems likely that some will be related. These mutants may
define specific compartments of action and may add new
insights into the fourth function of the apical meristem, com-
munication with other parts of the shoot, and perhaps also
the organization of the shoot (Sachs, 1991).

Some of the Arabidopsis mutants have already suggested
ideas about how the shoot apical meristem functions. Evidence
from one mutant suggests that at least two meristem functions
are directly linked. The fey mutation disrupts the proper for-
mation of leaf primordia and maintenance of the shoot apical
meristem as a formative region (Medford et al., 1992). Work
is in progress to determine how one gene links these two func-
tions. In addition, preliminary evidence suggests that disrupting
the formation of leaf primordia may also disrupt primordia posi-
tioning (J. D. Callos and J. |. Medford, unpublished data).

CONCLUSION

A distinctive feature of plant development is that it is continu-
ous. Development of the above-ground portion of the plant can
be traced to a small meristem in the shoot apex. The shoot
apical meristem is a distinct part of the shoot apex and a func-
tional unit. It can be defined by the exclusion of some molecular
probes, whereas other molecular probes define specific zones
within the apical meristem.

The shoot apical meristem makes the plant through at least
four functions: initiating organs, initiating tissues, communicat-
ing signals, and maintaining itself as a formative region.
Advances toward understanding how the apical meristem



functions will take place through careful examination of gene
expression in the apical meristem rather than a broadly de-
fined shoot apex. Because of the small size of the apical
meristem, these studies will be difficult. However, studies that
distinguish between the apical meristem and the shoot apex
are essential if the remarkable functions of apical meristems
are to be understood. One way in which molecular analysis
of the apical meristem will be helped is through the use of the
polymerase chain reaction.

Some of the molecular analysis done to date may provide
a clue to at least one of the four functions: how the meristem
maintains itself as a formative region. Two mechanisms are
worth considering: that the apical meristem lacks an inducer(s),
a positive signal for certain types of gene expression, or that
gene expression in the apical meristem is repressed by a nega-
tive signal(s). Perhaps some of the best evidence for a repressor
comes from the work of Fernandez et al. (1991) and Maiti et
al. (1991), which showed that at least certain types of gene
expression are repressed in the apical meristem. Many other
genes could also be repressed in the meristem. A close ex-
amination of gene expression in the apical meristem, as
opposed to the shoot apex, may provide much-needed data.

At this time, it is premature to conclude that a repressor is
the sole type of regulator in apical meristems. For example,
the genes examined by Fernandez et al. (1991) and Maiti et
al. (1991) could be expressed in the apical meristem but at re-
duced levels. This possibility is difficult to eliminate because
studies looking directly at the apical meristem via in situ hy-
bridization or GUS localization are only semiquantitative. A
further possibility is that the apical meristem uses both repres-
sion and lack of an inducer to remain formative. Because
studies on the Fey mutant (Medford et al., 1992) suggest that
the ability of a meristem to remain formative is linked to its
ability to initiate leaf primordia, a dual type of regulation may
exist in shoot apical meristems. Bringing developmental
genetics to bear on the study of meristems has provided, and
will continue to provide, insight into the remarkable features
of apical meristems.
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